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1
Introduction and General Principles

Advances in thin-film semiconductor technology will find applications
in highly efficient and low-cost photovoltaics. Hybrid-halide perovskites
have emerged over the unprecedented timeframe of the last 6 years
as a promising class of materials for such applications. Most notably,
their solar cells have achieved power conversion efficiencies above 20
% in the laboratory basis, even though many fundamental questions still
remain unanswered. Therefore for the halide perovskite thin-films to
have an impact beyond the laboratory requires a systematic understanding
and eliminating sources of losses. This chapter starts with the most
important properties of halide perovskite thin-films in comparison with
other photovoltaic semiconductors as well as some unanswered questions
regarding the properties. Next, we discuss material imperfections as the
sources of losses, and describing the methodology used in this thesis
to identify and eliminate those losses. Finally, we provide description
and important findings in each chapter to outline the overall motivation
covering this thesis.

1.1

Halide perovskite thin-films

The dramatic rise of halide perovskites in photovoltiacs has caught the attention of
scientists across many fields, and the initial hype has been followed by investigation of perovksite’s structural, optical, and electrical properties. Perovskites offer
a combination of the characteristics of inorganic and organic semiconductors: the
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Figure 1.1: Schematic of cross-sectional scale (drawn to scale) of perovskite thin-films
compared to other micron-scale relevant objects

chemical tunability of their optoelectronics properties and low-temperature and solutionbased deposition recall organics; their relatively high carrier mobility, diffusion length,
and radiative lifetime more resemble those of polycrystalline semiconductors (Table
1.1). These attractive properties have inspired dreams well beyond photovoltaics, and
research in sunlight-to-fuel conversion [1], light-emitting diodes (LED) [2, 3], lasers [4–
6], photodetectors [7, 8], and recently thermochromics [9] is already underway.
Although rapid progress has been made, many fundamental aspects of halide
perovskite materials still remain mysterious. Notable examples include the role of
non-stoichiometric starting precursors (small fraction of chloride, acetate, or water
content) in the formation of CH3 NH3 PbI3 , the origin of the electrical hysteresis seen
in many solar cells, and the underlying reason for such high open-circuit voltages and
slow recombination in thin-films containing a large density and diversity of defects
(vacancies, chemical impurities, grain boundaries, unpassivated surfaces) that in most
material systems would be considered of very low quality [10]. Also, because of
their promise for large-scale applications such as photovoltaics, stability problems and
degradation mechanisms must be well characterized. In these and other remaining
puzzles, there is ample room for contributions from scientists and engineers with
different backgrounds working in both experiment and theory. While many have
chronicled the development of halide perovskite photovoltaic devices, this introduction
focuses on the structure and deposition methods, before surveying their unique optical
and electrical properties, noting areas that still require further investigation.

1.1.1 Crystal structures
The general formula of the perovskite crystal structure is ABX 3 , in which A is the larger
cation, B is the smaller cation, and X is the anion. In the most common hybrid-halide
perovskites these are, respectively CH3 NH3 + , Pb2+ , and a halide (I− , Br− , and Cl− ) or
mixture of halides. The smaller B cations are octahedrally coordinated by X anions,
10
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with the octahedra sharing corners in a three-dimensional (3D) lattice. The larger A
cations fill the vacancies between the octahedra and have twelve X nearest neighbors.
The possibilities for cation A and B are limited by the stability of the resulting structure,
which can be estimated geometrically by the Goldschmidt tolerance factor and an
octahedral factor introduced by Li [11]. Although these two parameters are quite
successful in predicting the formation of a perovskite, predicting which distortions
occur to the archetypical cubic structure is more difficult because these geometric
factors do not account for ionic or covalent-bonding interactions, vibrational motion, or
hydrogen bonding. These distortions reduce the symmetry of the lattice into a tetragonal
or orthohombic space group, but the distorted perovskite retains the chemical formula
and coordination numbers of the archetypical cubic structure.
To determine the structure and space group of perovskite experimentally, X-ray
diffraction (XRD) is typically used, but it provides limited information. For example,
in CH3 NH3 PbI3 , the position of the CH3 NH3 + is determined only indirectly by its
effect on the inorganic portion of the crystal. Analyzing the position and orientation of
this molecule within the 3D framework is important since alignment of the C-N dipoles
is proposed to be the source of ferroelectricity in this materials. The rotational freedom
imparts pseudo-spherical symmetry to the CH3 NH3 + which is necessary for a cubic
structure [10].

1.1.2

Methods of deposition

One of the key benefits of perovskites is the apparent simplicity of their preparation;
however, often a simple procedure belies complex thermodynamics and kinetics that
give the material its unique morphology and properties. The CH3 NH3 PbI3 perovskite
thin-films have been produced primarly by precipitation from solution: the metal
halide and organic halide are dissolved, and spin-coating followed by evaporation
yields perovskite thin-films. Additionally, a combination of two-step processes in both
solution and vapor phases have been explored as well as fully vapor-phase methods.
Common solvents include Lewis bases such as dimethylformamide (DMF),
dimethylsulfoxide (DMSO), and gamma-butyrolactone. Little is known about the
species present in solution, although solvents such as DMSO and DMF are known to
coordinate to Pb2+ halide salts [12–14], and Pb2+ halide complexes are common in
aqueous solutions of excess halide [15, 16]. The morphology of the resulting films
produced from solution depends critically on the choice of solvent(s), the mode of their
removal, and also on the substrate’s morphology and surface chemistry [17–20, 22, 58].
For example, using DMSO in a mixture of solvents produces an intermediate phase
after spincoating that then crystallizes into the perovskite film upon annealing [19].
Addition of a hydrohalic acid into the precursor solution has offered some improvement
in the film morphology, but the underlying reason remains unclear [20, 22, 23, 58].
In order to gain better control over the deposition of CH3 NH3 PbI3 , a two-step
solution process was developed and has in general produced solar cells with higher
efficiencies than the single-step process [24], which could be due to the film’s different
carrier type and doping concentration. In this approach, either PbI2 or PbCl2 is
11
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dissolved in DMF, spincoated onto a substrate, and then dried into a film. This film is
then either dipped into an alcoholic solution of excess CH3 NH3 I alone or a CH3 NH3 I CH3 NH3 Cl mixture [24, 25] or spincoated repeatedly with such a solution to convert
the lead-halide film into the perovskite [26]. When such a process is applied to PbCl2 ,
CH3 NH3 PbI3 is formed, presumably because according to the theory of hard and soft
acids and bases [27] the softer, more polarizable I− has much greater affinity for Pb2+
than the much harder Cl− . As this approach requires diffusion of the CH3 NH3 + cations
into the lead-halide matrix, it is possible that there is a thickness limitation on the films
formed by this approach or higher temperatures or longer times are required to produce
thicker films [28].
Vapor-phase methods produce halide-perovskites with different morphology and
crystal structure. Co-evaporation of PbCl2 and CH3 NH3 I in a vacuum deposition
chamber yields highly uniform CH3 NH3 PbI3 films with excellent photovoltaic characteristics [30]. The evaporation rates of the precursors determine the composition of the
resulting perovskite, and the CH3 NH3 PbI3 produced was confirmed to be cubic rather
than the usual tetragonal phase that exists at room temperature.
Table 1.1: Comparison between CH3 NH3 PbI3 -based perovskites and other photovoltaic technologies.
Perovskites have many of the advantages of polycrystalline semiconductors such as CIGS and CdTe,
but they are processed from solution-like organic materials or quantum dots. Material characteristics
refer to values measured for materials similar to those used in the highest performing solar cells. This
table is adapted from [10] with updated number of column 2; the efficiency[29].

Photovoltaic
technology

Power
conversion
efficiency
(%) †

Absorption
coefficient
(cm−1 ) ‡

Diffusion
length
(µm) ♭

Carrier
mobility
(cm2 /V.s) ♭

Carrier
lifetime ♭

c-Si

26.7

102

100 - 300

10 - 103

4 ms

GaAs
(thin-film)

28.8

104

1-5

>103

50 ns

CIGS

22.6

103 - 104

0.3 - 0.9

10 - 102

250 ns

CdTe

21.5

103

0.4 - 1.6

10

20 ns

Organic

12.1

103 - 105

0.005
0.01

10−5 - 10−4

10-100 µs

Quantum
dot

13.4

102 - 103

0.08 - 0.2

10−4 - 10−2

30 µs

Perovskite

22.7

103 - 104

0.1 - 1.9

2 - 66

270 ns

†
‡
♭
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under AM1.5 (100 mW/cm2 )
at 300 K in the vicinity of the band edge
of the minority carrier (c-Si, GaAs, CIGS, CdTe, Perovskite) or the mobility of the
exciton (Organic, Quantum dot)

1.1 Halide perovskite thin-films

1.1.3

Optical properties

Understanding the optical response of halide perovskite thin-films is crucial for
optoelectronic applications such as photovoltaics, but it can also provide insight into
the electronic and chemical structure.
Although tuning the band gap of perovskites is well documented, a more detailed
understanding of these materials’s optical properties awaits further research. For
instance, dielectric constants in the ultraviolet, visible, and near-IR regions are critical
to understanding the optical response of perovskites and also to calculating their absorption and emission properties when incorporated into optoelectronic devices. Progress in
this area has been hindered by the difficulty of producing continuous films of sufficient
smoothness [31] to avoid measurement artifacts from spectroscopic measurements of
reflectance, transmittance, and ellipsometry. Film characterization using ellipsometry
usually accounts for remaining surface roughness via modeling to produce the most
reliable optical constants possible remains to be independently confirmed. Quantitative
absorption coefficients have been determined from the absorption of CH3 NH3 PbI3 on
quartz [32], and glass [5], yielding values of 104 cm−1 near the band edge, but no
detailed data of the film’s morphology has been provided and no corrections for the
surface’s inhomogeneity have been applied; consequently, the reported values are only
preliminary, but they are consistent with the absorption coefficients calculated based
on the optical constants of CH3 NH3 PbI3 [35]. Additionally, the absorption spectrum
of CH3 NH3 PbI3 when it is deposited within a mesoscopic template differs from that of
perovskite deposited on planar substrates, which has been attributed to changes in the
crystallite morphology that affect the optical transition. Band structure calculations
indicate that this change in morphology affects the dipole screening of the excitonic
transition [36]. Such differences further complicate accurate determination of the
absorption coefficient and other optical parameters of perovskite films, so control over
the materials properties of perovskites is of the greatest importance for characterization
and applications.
The role of excitons in perovskites has been a topic of considerable debate. Recent
studies indicate, however, that no significant population of excitons is present in
photovoltaics made from CH3 NH3 PbI3 , whose excition-binding energy has generally
been reported between 20 and 50 meV and is therefore comparable with the thermal
energy at room temperature (kb T = 26 meV) [37, 38]. Although the population of
excitons is small in photovoltaics and remains small even at the higher excitation
densities required for stimulated emission [38], the excitonic transition significantly
enhances the absorption of hybrid perovskites near the band edge; consequently, the
electronic band gap taking this into account is 1.65 eV for CH3 NH3 PbI3 . The density
of excitons and associated effects should be greater in perovskites with higher band
gaps, such as CH3 NH3 PbBr3 , whose binding energy has been estimated to be between
15 to 40 meV [39, 40].
Photoluminescence (PL) has been observed in perovskites of pure and mixed
compositions. PL efficiency depends strongly upon pump fluence. At low excitation intensities, trapping of photogenerated charges competes effectively with direct
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radiative recombination of electrons and holes, reducing luminescence [41]. As the
excitation increases, these traps are filled and radiative electron-hole recombination
dominates. In this regime, studies have confirmed low trap-induced recombination and
two-body recombination dynamics over a range of pump intensities [42, 43]. At higher
pumping, the PL efficiency falls as Auger recombination becomes more competitive at
the higher carrier densities [31, 32, 38]. PL lifetime measurements have been reported
for CH3 NH3 PbI3 and CH3 NH3 PbI3−x Clx , with longer lifetimes exhibited by the latter
(3 to 18 ns versus 91 to 341 ns). In general, it is difficult to compare lifetimes directly
unless they are measured at the same pump fluence, and the wide range of reported
lifetimes for each material is likely due to a combination of varying excitation density
and synthetic procedures. For solution-processed polycrystalline semiconductors, such
lifetimes are surprising especially considering that essentially nothing has been done to
reduce recombination at surface or grain boundaries. Considering that the perovskites
exhibit clear self-absorption in their PL [38] and lasing spectra [32], it is not surprising
that photon recycling has been reported to play an important role in their excited state
dynamics when pathways of non-radiative decay are adequetely suppressed [33, 34].

1.1.4 Electrical properties
For solution-processed semiconductors with domain sizes below a few micrometers,
halide perovskites exhibit unprecedented carrier transport properties that enable their
stellar performance in photovoltaics. Quantitatively characterizing this transport,
understanding the materials properties that give rise to it, and developing ways to
improve it are all key directions for research.
The intrinsic electrical properties, such as carrier type, concentration, mobility, and
diffusion lengths in halide perovskites have exhibited a large range of values often
influenced by the method used to prepare the films. Additionally, the lack of smooth
and uniform films on which to perform measurements can make the determination of
intrinsic electrical properties challenging since conventional techniques often assume
the sample exhibits a specific geometry. The carrier type is typically measured using
thermoelectric measurement of the Seebeck coefficient, Hall measurement of the
conductivity’s response to an applied magnetic field, or thin-film transistor’s response
to a gating electric field. The Seebeck, Hall, and early resistivity measurements on
polycrystalline CH3 NH3 PbI3 indicated n-type conductivity, a carrier concentration of
∼109 cm−3 , and an electron mobility of 66 cm2 /V.s [44]. From Hall measurements,
the electron mobility for n-type films deposited from stoichiometric precursors was
determined to be 3.9 cm2 /V.s [45] which is in accord with the 8 cm2 /V.s measured
using terahertz spectroscopy [46], a technique that usually provides an upper limit
because it neglects long-range carrier scattering [45]; however, it is not surprising that
the mobility depends strongly on the preparation of the film.
The electron mobility of polycrystalline CH3 NH3 PbI3 films compares favorably
to that of films of other materials used as absorbers in solar cells. It is larger than the
thin-film mobility of polymers (10−7 to 1 cm2 /V.s) [47, 48] and colloidal quantum
dots (10−3 to 1 cm2 /V.s) [49] and it is comparable with that of CdTe (10 cm2 /V.s) [50],
14
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CIGS and Cu2 ZnSnS4 (CZTS) (10 to 100 cm2 /V.s) [51, 52] and polycrystalline Si
(40 cm2 /V.s) [53]. Even in polycrystalline form, hybrid perovskites’s inexpensive
processing and tolerance to defects offer a significant advantage over conventional
semiconductors.
As is the case for other polycrystalline semiconductors, electrical properties in
hybrid perovskites are likely correlated with the film morphology. For instance, the
dark and light conductivities of CH3 NH3 PbI3−x Clx deposited on a planar scaffold or
on mesostructured aluminum oxide are quite different [56]. This difference has been
attributed to an increase in the perovskite Fermi level in the mesostructured scaffold
either through more surface iodide vacancies or through electrostatic gating from the
aluminum oxide. Also, the role of grain boundaries in conduction through perovskite
films has not been thoroughly explored, although passivation of grain boundaries with
PbI2 has been correlated to increased radiative lifetimes [57]. Inspired by the literature
on organic solar cells, solvent annealing has been applied to CH3 NH3 PbI3 solar cells
to increase the grain size of the films to ∼1 µm [58]. Such processing results in an
increase in the photovoltaic performance and radiative lifetime.

1.2

Sources of losses

Generally, materials with a simple processability, such as halide perovskites, would pose
a non-negligible level of defects at temperatures relevant for solar cell applications.
However, halide perovskite thin-films are considered tolerant to defects [59, 60],
relative to conventional semiconductors, and their solar power-conversion-efficiencies
already exceed 20 % [61]. Nevertheless, defects still remain one of the critical issues
that underpin limitations for further progress of approaching maximum attainable
performance. Therefore, with improved engineering methods to control defects, the
solar cell power-conversion-efficiencies can be expected to continue approaching the
Shockley-Queisser limit [62]. Although theoretical studies of defects have proven
useful, experimental confirmation of these results remains paramount. One main
obstacle is the inability to identify and decouple the sources of losses. The wellknown sources of losses are due to (1) impurities (point defects) and dislocation (line
defects) in the bulk, (2) surface imperfections at the front- and back-surfaces, and
(3) grain boundaries; all contribute in parallel to the total recombination process of
halide-perovskite thin-films [63]. Precise identification of the bulk, surface, and grain
boundary effects can help close the gap between our current understanding of defects
and their implications for optoelectronic properties, and devices.

1.2.1

Bulk recombination

The bulk recombination occurs via point and line defects. Point defects include
vacancy, interstitial, anti-site substitution, Frenkel defect (vacancy and interstitial
co-exist at the same ion), and Schottky defect (cation and anion vacancies). While
line defects form from dislocation of propagation point defects. These defects are
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Figure 1.2: Basic topological imperfections showing the source of losses in halide
perovskite thin-film: bulk, surfaces, and grain boundary. Each contains different
characteristics and types of defects (illustrated by the colors).

thermodynamically favourable within the halide perovskites when their formation
energies are negative [59, 60, 63]. Since the formation energies depend on atomic
and chemical arrangements of the materials, they can vary under different growth
conditions. A high-purity bulk (contains only a few parts per millions of impurities) is
typically limited to a high temperature and slow grown process, such as the Czochralski
method for monocrystalline silicon [64]. Bulk defects can contribute to several unusual
phenomena in halide perovskites, such as ionic migration associated with the device
electrical hysteresis [10].

1.2.2 Surface recombination
Interfaces consist of various dangling bonds at terraces, kinks, steps, vacancies, and
ad-atoms where all non-radiative recombination can take place [65]. These interfaces
can occur between the halide perovskite and air (surface), the substrate, another
dielectric layer or with a contact layer. Surface and interface quality often has major
implications on final device characteristics (particularly the open-circuit voltage and
external quantum-yield). Surface recombination velocity is the standard metric used
to assess the electronic quality of the front- and back-surfaces in semiconductors [66].
This recombination increases proportionally to the charge density at the interfaces.
In a standard device configuration where the incoming light comes from the top, the
highest charge generation rate and therefore highest recombination takes place at the
front surface. There are two general strategies to minimize surface recombination: (1)
reducing the surface state density, and (2) reducing the minority carrier density at the
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surface. The first strategy relies on chemical passivation, for instance, by using an
appropriate heterojunction [67], while the second one relies on field effect passivation,
created for example by heavily doping the surface [54].

1.2.3

Grain boundary recombination

A misorientation between crystal planes creates a grain boundary. This can occur
during a fast crystallization process [68]. Any segregation across the grain boundary
induces excess free energy which is used to equilibrate the mechanical strains of the
planar defect. In other words, the more grain boundaries, the higher mobility toward
deformation [69–71]. Abnormal grain growth can occur if there is a large variation in
grain boundary mobility and interfacial energy. Thermodynamic principles allow us
to predict the grain boundary energies based on their crystallographic misorientation
angles. At low angle, the energy enhances proportionally with misorientation, but then
strongly depends on population numbers of the misorientation angles [72]. Although
the driving forces for forming grain boundaries are similar to those of bulk and surface
defects, the implications can be slightly different. For example, there is no fixed charge
at the crystalline grain boundaries, therefore the band bending is solely governed by
charges at the interface that can be compensated at much lower injection levels [73].
This leads to a higher recombination rate compared that of the front- or back-surface,
where fixed charges can reside in the adjacent dielectric layers [74]. Halide perovskite
thin-films contain a large grain boundary density. In conventional semiconductors,
such as crystalline silicon, grain boundaries create deep-level defect states that reduce
carrier lifetime and mobility. On the other hand, the role of grain boundaries in halide
perovskite materials remains unclear, with conflicting reports suggesting they are
detrimental, unimportant, or even beneficial [75, 76]. A technique that can be suitably
used to identify the grain boundaries in halide perovskites will open a great avenue
to engineer numerous types of grain boundaries and understand their correlation with
optical and electrical properties.

1.3

Methodology for identifying losses

Bulk, surface, and grain boundary defects occur in all thin-film semiconductors.
However, differentiating the losses contributed from each mechanism is not straight
forward. This requires complete characterization of the materials system and the ability
to independently vary the density of each defect. Experimental results are quite often
deceiving, given the sensitivity of halide perovskites to a wide variety of stimuli used
in standard characterization techniques (electron/ion beams, laser, electric fields) as
well as environmental conditions (humidity, temperature, oxygen). This makes careful
and highly controlled experiments that can measure materials properties accurately and
reproducibly very important. These material properties then can be used as reliable
inputs for modelling and simulations. The methodology used in this thesis attempts to
improve our understanding, while pointing the way forward to eliminate the losses, and
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finally utilizing this knowledge to design even better performing devices. Figure 1.3
shows a development cycle of understanding the losses for thin-film halide perovskites.

1.3.1 Modelling can tell everything about solar cells
Solar cells consist of multilayer stacked structures (generally). The losses can be
identifed from the interface, contact, and bulk properties. Standard methods use first
optical simulations taking into account interference between different layers, or using
ray optics if combined with wafer based system such as for perovskite-silicon tandem
cells. From optical simulations allow for thickness and geometry optimization to
minimize parasitic absorption and reflectance losses: all are useful information for
device fabrication. The generation rate obtained from the optical simulation can be
used for input into the electrical simulation to solve the drift-diffusion equation in
which solar cell performance can be predicted. The system becomes more complex
when grain boundaries are considered, as the transport becomes a 3D problem. Grating
or nanostructured embedded contacts can add additional complications that require full
3D modelling. Nevertheless, a sufficiently sophisticated model can tell us everything
we need to know about the solar cells. Quite often modelling provides useful insights
into counterintuitive experimental observations. This is a very important feedback loop
to carefully design a clean system for measurements.

Generation
rate

Figure 1.3: The development cycle tool combining experiment and theory to
understanding losses in halide perovskite thin-films.
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1.3.2

Results are only as accurate as the input and assumptions

The first step to ensure the accuracy from the modelling results is to use appropriate
optical constants. One should be aware of the actual condition of the sample from
which the optical constant is obtained. For example, very rough surface film could
strongly perturb the measured refractive index due to light depolarization during the
ellipsometry measurement. Therefore one should implement separetely an effective
medium approximation to account for such effects in the input for optical modelling
or use smooth films where this is not a problem. For the electrical modelling, it
is very important to limit the assumptions being made. In order to extract out the
recombination constants from the bulk, surface, and grain boundary, we developed
a numerical solution to solve the three-dimensional transport equation using Fourier
space. This makes fitting experimental data more efficient, which would otherwise
be impossible using computer codes based on a finite element method. The boundary
conditions obtained from the Fourier decomposition method can be implemented in
our fullly coupled optical-electrical modelling. Instead of modelling a standard device
used in the lab, we start by benchmarking our routine for a novel architecture device,
such as nanoscale back-contact perovskite-silicon tandem. We considered the most
ideal and realistic inputs possible to predict what novel design can beat the current
standard device architecture.

1.3.3

What are required for reliable inputs ?

All outputs from the modelling should be aimed to help us understand the experimental
results, toward reaching the best possible material and device properties. This process
becomes meaningful when inputs obtained from the experiments are reliable. We
developed two general strategies approaching that purpose: (1) controlled and clean
systems, and (2) careful measurements.
Controlled and clean systems
Unlike silicon semiconductor technology with complex processing but simple structure,
halide perovskites display relatively complex chemistry and rich physics given their
simple solution deposition. Therefore we develop thin-film deposition protocols to have
control over the bulk, surface, and grain size characteristics. Among those the most
notable protocol is the deposition method to control grain size without affecting much
the bulk and surface quality. This can be achieved by decoupling the nucleation and
crystal growth steps. The nucleation is controlled during the spin-coating process from
a saturated stock solution. The nucleation sites can stay for extended periods of time,
unless heat treatment is applied, at which point crystal growth takes place. The final
grain size is inversely proportional to the density of nucleation sites; a lower nucleation
density yields larger grains. The density of nucleation sites is controlled by the spincoating time with fixed spin-speed; longer time yields higher nucleation density. We
continuously document our observation, optimize it, and assess the compatibility and
limitation of our method. Even if we are able to control the grain size, this still does
19
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not guarantee a perfectly clean system; we observe one peculiar case where amorphous
grain boundaries showing unusual optical properties form at a particular spin speed.
This makes careful characterization critically important as well.
Careful measurements
The various types of characterization techniques used to understand the sources
of losses in halide-perovskite thin films should be directed toward the following
considerations: (1) what are the limitations of the techniques? (2) are common
artifacts and discrepancies routinely addressed? (3) to what extent are the materials
tolerant to external perturbation, e.g electron beam-dose, light-soaking, applied voltage
(4) what are the actual conditions, settings, and assumptions governing the chosen
characterization techniques? and (5) are well-known principles developed for other
semiconductors rigorously applicable for the materials under study here? Addressing
all such issues simultaneously can be challenging especially at an early stage, so instead
of debate, practice should be taken to advance our understanding toward more solid
conclusions.
In order to carefully identify the sources of losses, in this thesis there are two
notable routine techniques that we used, namely steady-state photocarrier grating
(SSPG), and electron back-scattered diffraction (EBSD). These two methods have
already been known in the past to study silicon based thin-films, and now have been
successfully used perhaps for the first time in halide perovskite thin-films. SSPG is used
to directly quantify the minority carrier diffusion length - one of the properties most
strongly correlated with optoelectronic device performance. EBSD is used to identify
crystalographic misorientation - therefore grain boundaries - whose effect remains
poorly understood in the community. For each utilized technique we systematically
report their limitations, important artifacts, methods for analysis corrections, and all
possible ambiguous deductions or conclusions. In this way, we hope to streamline
progress in the community toward rigorous conclusions about the properties of these
exciting new optoelectronic materials and their perspectives for high-performance
devices.

1.4

Outline of this thesis

This thesis is aimed to improve our limited understanding of losses in the bulk, on the
surface, and at the grain boundaries of halide perovskite semiconductor materials, and
top point the way forward to even better performance using novel design. Controlled,
clean experimental systems along with careful measurement and full optoelectronic
modelling/theory are used as a developing cycle tool to verify, and quantify the losses
in halide perovskite thin-films. By quantifying and considering all of the losses, the
ultimate goal is directed at designing a novel architecture device that potentially exceeds
the performance and relaxes the limitation of traditional solar cell configurations.
In Chapter 2, we measure minority carrier diffusion length - a key parameter for
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solar cell performance - of halide perovskite thin-films. We describe how controlled
processing, composition, aging, and surface passivation correlate to the measured
diffusion lengths. We find in pure CH3 NH3 PbI3 , the diffusion length is largely
dependent on the controlled processing conditions. Next, we partially replace iodide (I)
with bromide (Br) and find that surprisingly, the diffusion length increases after aging
for 1 month in air. Finally, we use a 4-nm Al2 O3 passivation layer on the top surface of
CH3 NH3 PbBr3 , leading to a remarkable increase in diffusion length from 201 nm to
532 nm. The correlation that we have established between basic parameter space and
diffusion length offers guidance in how to improve material properties.
In Chapter 3, we identify and characterize the grain boundary - an important aspect
which is often misidentified - of halide perovskite thin-films. The biggest limiting
factor is that a gold standard technique - electron backscattered diffraction (EBSD)
- destroys halide perovskite thin films. Therefore identifying the grain boundaries
using non-crystallographic techniques is deceiving, leading to conflicting literature
reports about their influence. We solve this problem using a solid-state EBSD detector
with 6,000 times higher sensitivity than the traditional phosphor screen and camera.
We model the characteristics of grain boundary interface energy in CH3 NH3 PbBr3
thin-films, and show that the halide-perovskite grains contain no special boundaries,
such as crystal twinning. In addition, we find a peculiar case, where the grain boundary
very likely consists of amorphous regions.
In Chapter 4, we correlate the information from Chapter 3 to measure and
model the effect of grain size on halide perovskite thin-films - a major challenge
in understanding perovskite semiconductors. Correlating true grain size with PL
lifetime, carrier diffusion length and mobility, shows that grain boundaries are not
benign as is often claimed, but have a recombination velocity of 1670 cm/s, comparable
to that of crystalline silicon. However, as with silicon, amorphous perovskite can
passivate crystalline boundaries, leading to brighter photoluminescence and longer
carrier lifetime without reducing diffusion length. This variable grain boundary
character explains the mysteriously long lifetime and record efficiency achieved in
small grain halide perovskite thin films, while pointing the way forward to even better
performance.
In Chapter 5, we use our understanding of the losses to design a novel device
architecture - nanoscale back-contact perovskite solar cell to improve tandem efficiency.
Using coupled optical-electrical modelling, we optimize this architecture for a planar
perovskite-silicon tandem, highlighting the roles of nanoscale contacts to reduce the
required perovskite electronic quality such as minority carrier diffusion length. We
discuss the advances of our design over the traditionally used two- (2-T) and fourterminal tandem (4-T), and point the way towards further improvements enabled
by our design such as surface texturing, surface passivation and photoluminescence
outcoupling.
Chapter 1 is partly based upon [10], while Chapter 2, and Chapter 5 are based
upon [77], and [78], respectively. Full details are listed at the end of this thesis
(Scientific portfolio).
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